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Abstract: The collective impacts of farmers’ land management decisions on above ground ecosystem
services (ES) and their implications for agriculture are poorly understood. Managing habitat to provide
ES is costly but at the same time it can support higher yields through, e.g., pollination or natural pest
control. Due to the mobility of ES-providers (bees, natural enemies) farmers providing habitat might
also benefit their neighbours, creating interdependencies among their decisions. Interdependencies
among farmers’ land-use decisions and the flow of ES in space can be considered by integrating
agent-based modelling and evidence-based ES models. Such integration requires a trade-off between
the land-use details required to capture relevant ecological dynamics of ES in a landscape and the
simplified landscape modelling in agent-based models. This paper shows how details of land use can
be increased in the agent-based model AgriPoliS that simulates agricultural structural change. Nonagricultural land in AgriPoliS is differentiated into different land uses, i.e. settlements and natural
habitats. Furthermore, the size distribution of these landscape elements and their distribution in space
are considered. The improvement of the landscape modelling is a prerequisite for detailed analysis of
policies supporting biodiversity and their impact on agricultural production and farm income.
Keywords: Agent-based modelling; ecosystem services; landscape modelling; land use; biodiversity.

1

INTRODUCTION

Benefits to farmers of conserving biodiversity are manifest in yield effects of ecosystem services and
reduced need for costly inputs. Above ground biodiversity generates ecosystem services (ES) of
potential value to farmers, the most prominent examples being pollination by insects (honey bees,
hoverflies, bumblebees, etc.) and bio-control of crop pests by their natural enemies (e.g., ladybirds
feed on aphids). Yield increases mediated by ES are determined by the spatial distribution of habitat
and crops benefiting from ES, as well as the operating ranges of ES-providers, i.e., the individuals of
the species delivering the service. In other words, the landscape emerging from the collective
decisions of farmers determines the flows of services to a particular field. Farmers providing habitat
also benefit their neighbours. In this sense habitat can be regarded as a common-pool resource that
generates a nonexclusive and nonrival service (or public good)—ecosystem services—creating a
prisoners’ dilemma type problem (Cong et al. 2014).
The question motivating this research is to determine to what extent farmers could benefit from
coordinating their habitat conservation decisions (through landscape-scale management), and, if the
potential is significant, what type of could solve the problem. Therefore, the status quo will be
compared with an optimal situation where the maximum amount of ecosystem services is provided.
Studying these questions on the one hand requires a set of individuals (farmers) who individually
decide on land use and on the other hand a representation of space to capture interactions among
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different land uses. An approach considering individual actions and interactions is agent-based
modelling. Several agricultural agent-based models exist, all of which model farmers’ decisions and
interactions: AgriPoliS (Happe et al. 2006), RegMAS (Lobianco and Esposti 2010), MP-MAS
(Schreinemachers and Berger 2011), SWISS-Land (Mack et al. 2011), and the model of Freeman et
al. (2009). AgriPoliS has already been used for modelling environmental issues such as the impact of
structural change on landscape as influenced by changing field sizes (Brady et al. 2009 and Brady et
al 2012) and the effect of below ground ecosystem services on yield (Hedlund 2012).
Originally, AgriPoliS was created to simulate structural change in agriculture over time based on
decisions of individual farmers – such as producing specific crops, leasing or re-leasing land, investing
in certain production branches or ceasing farming. Thereby, the farmers’ aim is to maximize their
income. This is realized by applying mathematical programming, in particular mixed integer
programming. For each farmer a mixed integer programme (MIP) is solved to optimize how they use
their land, labour, capital and other resources.
Incorporating above ground ES into this framework presents several challenges linked to the
treatment of landscapes in AgriPoliS as compared to ES models. AgriPoliS requires economic data
about farms, usually taken from EU’s Farm Accountancy Data Network (FADN). However, these data
are neither connected to farm locations nor are they available for all farms of a study region. Thus, a
set of farms has to be selected from FADN and weighted so that they represent the regional
characteristics (total agricultural area, total number of farms and animals, share of arable and
grassland, distribution of farms according to size, focus of production, legal form, distribution of herd
sizes, etc. (Sahrbacher 2011)). Allocating these selected farms on to a GIS map is difficult, because
farms’ individual characteristics (share of arable and grassland) have to fit to the landscape
characteristics where they are located. Otherwise, farmland would be too scattered. To solve this, a
synthetic landscape is randomly generated in AgriPoliS respecting the regional characteristics (total
agricultural area, share of arable land and grassland as well as non-agricultural land). During the
initialization of AgriPoliS, the agricultural area is increased by a buffer so that farms have a greater
probability of choosing land close to their farmstead and to avoid scattering. Any agricultural land not
chosen by the farms (the buffer area) is later changed into non-agricultural land. Furthermore the
landscape is represented by a grid with equally sized cells (plots). The plot size varies depending on
the study region, typically between 0.5 and 5 ha. In general agricultural land is differentiated into
arable land and grassland but both can be further differentiated into different qualities according to the
achievable yield level. Non-agricultural land represents settlements, roads, rivers, lakes and habitats
such as forests and wetlands but is not further differentiated into these types of land (Kellermann et al.
2008). Farmers decide how to use their land applying the MIP. However, the different types of land
use are not allocated to a specific plot, i.e. plots are allocated to farms, but each year the pool of plots
of a given quality available to a farmer is farmed with a specific combination of crops.
ES models consist of a model predicting the quantity and spatial distribution (density) of ES-providers
combined with a model linking densities of ES providing species to ES and impact of ES on
agricultural production. Models predicting the density of ES-providers (e.g. Lonsdorf et al. 2009,
Jonsson et al. 2014), are all based on land-use maps of real landscapes, combined with information
about the ecological significance of the land-use type for the ES-providers. More precisely, the
information required to make predictions is the explicit location of specific habitat types in the
landscape, their quality for ES-providers, and the dispersal ability of the ES-provider. Therefore,
models for ES-provider density require detailed digital maps, where each cell or polygon is assigned a
specific crop or other land-use type. However, this level of detail is not provided by AgriPoliS. Again in
contrast to AgriPoliS, ES-models differentiate between non-agricultural habitats of different types to
reflect the implied differences in quality for ES-providers.
Moreover, yield effects of ES have to be considered in AgriPoliS. Therefore, the production function
implemented into AgriPoliS to model impacts of below ground ecosystem services on agricultural
yields has to be extended into a multiple production function considering different above ground
ecosystem services, such as pollination and natural pest control. Yield effects of land use changes on
a farm and surrounding areas are then considered in the MIP and affect again land use decisions and
farms’ income. The focus of this paper is to improve the landscape representation in AgriPoliS for
modelling impacts of above ground ecosystem services on crop yields. Therefore, the most important
elements for modelling ES will be identified in section 2. Then, the concept to implement these
landscape elements in AgriPoliS will be described. In section 4, a solution to allocate agricultural
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production to plots will be presented. The more precise allocation of land use allows then the
estimation of yield effects by the multiple production function. At the end conclusions will be drawn
about how the inclusion of spatial dependencies in AgriPoliS makes way for testing the implications of
coordinating farm-agent behaviour in the maintenance of habitat.

2

IMPORTANT ELEMENTS FOR MODELLING ES

ES are provided by organisms (ES-providers) and these organisms need a specific environment, i.e.
habitats. Arable crops provide only a subset of resources to ES-providers at a specific time during the
season. ES-providers are therefore dependent on other habitats to overwinter, nest, find alternative
resources, etc. from which they are subsequently able to disperse into crops to use the temporary
resources occurring there, and thereby provide ES. The suitability for a species to overwinter, nest,
find alternative resources in a habitat depends on management intensity, i.e. combination of
management practices or disturbances such as fertilizer input, integrated pest management,
conservation tillage, manure and residue addition, mixed cropping and, diversified crop rotation and
cover crops. Habitats with low management intensity such as those on non-agricultural land and
permanent grassland have a reduced disturbance frequency, and often receive few inputs. This
enables higher biodiversity through better nesting, overwintering and alternative food resources
compared to arable fields which are usually exposed to some form of tillage at least once a year, and
are often spread with fertilizers and pesticides. To simplify, habitats can roughly be differentiated into
high-quality habitats with low land-use intensity and high species abundances (permanent grassland
and habitats on non-agricultural land) and low-quality habitats with high land-use intensity and low
species abundances (arable land). This classification is also reasonable from another perspective
assuming that mainly crops on arable land benefit from ES provided by foraging organisms as these
habitats represent food or energy resources rather than nesting habitat. So the flow of ES is generally
from grasslands, and other high-quality habitats, to arable land. In the ensuing text the term habitat is
therefore only used when referring to high-quality habitats.
ES-providers are more or less mobile and have a specific operating range within which they can
provide ES. The level of ES provided by organisms is high within short distances and low but
detectable at distances up to several kilometres. For example, workers of the common bumblebee
species Bombus terrestris for instance regularly forage, and likely deliver, pollination services to crops
such as oilseed rape, up to 1750 m from their nest, and likely further (Walther-Hellwig and Frankl
2000). Schmidt et al. (2008) show that the density of specific spider species on arable fields depends
on landscape composition at scales ranging from under 100 m to over 3 km (Schmidt et al. 2008). Due
to their limited operating range not all ES-providers of large habitats reach arable land where they can
deliver ES. However, the share of ES-providers of a large habitat reaching arable land also depends
on the shape of the habitat. Consequently, the size, shape and location of habitats are important
determinants of the levels of ES- provided in agricultural landscapes. According to these three
characteristics four different categories of habitat can be identified i) natural on-field habitats, ii) fieldborder habitats, iii) large off-field habitats (forests, wetlands, etc.) and iv) large on-field habitats
(contiguous grassland areas). Natural on field habitats are by their nature relatively small in size
(otherwise farming would not be effective), they are located on fields and their shape is rather like an
island (round or polygon). Field-border habitat is more like a strip and their size can vary between
small and large depending on their length. The most important characteristic of large on- and off-field
habitats is their shape because it determines how much ES they can provide to adjacent arable land.
In addition to the identified habitats and arable land, “non-habitat areas” are a further important
landscape element for modelling ES. Non-habitat areas are neither used for agricultural production nor
provide habitat for organisms providing ES to agriculture. Such areas are settlements or larger lakes.
Considering them is important though because they influence the spatial distribution of habitats and
arable land. Excluding non-habitat areas would mean that habitat density would be increased. For
example the distance between a habitat at the one end of a town and agricultural land at the other end
of a town would be reduced.
The number, area and size distribution of habitats and non-habitats as well as the land use intensity
on arable land determine the level of ES provided in a landscape. Information on the number, area
and size distribution of habitats and non-habitats in real landscapes is available from multiple data
sources. In Europe, a useful combination is that of the Integrated Administration and Control System
(IACS) maintained as an information source for area-dependent subsidy payments in the framework of
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the EU Common Agricultural Policy on the one hand (European Commission 2014), and broader land
cover maps on the other (Corine Land-Cover, European Commission (1995)). Overall resolution and
distinction between land-cover classes/crops is good but some habitat types may be poorly
represented (e.g. linear habitats are often absent and are often assumed to be indicated by field
perimeters).The land use intensity on arable land can be estimated by identifying the regionally most
common management practices.
Concluding, non-agricultural land in AgriPoliS has to be further differentiated into small on-field
habitats, field border habitats, large off-field habitats and non-habitat areas. Furthermore, the
frequency, size distribution, shape and spatial distribution of habitats on non-agricultural land and
agricultural land (permanent grassland) and non-habitats have to be considered.

3

EXTENDED LANDSCAPE MODELLING

In this section it is described how landscape modelling in AgriPoliS described in section 1 has to be
adjusted to consider the four types of habitats identified in section 2 and non-habitat areas. Instead of
randomly allocating non-agricultural land and grassland, this has to be done more systematically to
consider the size distribution of large off-field habitats (</1 ), large on-field habitats (</2 ) and non-habitat
area (</3 ). First, the distribution of contiguous areas of non-habitat area, large off- and on-field habitats
(grassland) are merged to one distribution of all contiguous areas to simplify the allocation of these
areas. These contiguous areas will then be randomly allocated in space starting with the largest areas
and ending with the smallest. To start with, a single plot will be randomly allocated in the landscape,
after which the neighbouring plots will be associated to the initial plot in clockwise direction until the
size of the respective contiguous area is reached. Contiguous areas have to be separated by at least
one arable plot, i.e. during their initialization they can only grow into directions where there are no
other contiguous areas. The shape of contiguous areas allocated in the first place will approximate a
circle as long as they do not come across other contiguous areas. The more contiguous areas are
allocated the higher is the probability that they come across each other and their shape will no longer
approximate a circle. After the allocation of all contiguous areas it will be randomly assigned whether
an area is a large off-field habitat, large on-field habitat (permanent grassland) or non-habitat area.
Thereby, the individual size distribution of non-habitat area, large off- and on-field habitats will be
considered. The remaining land is arable land on which field border (</4 ) and small on-field habitats
(</5 ) will be randomly allocated. Only a limited number of field border and small on-field habitats can
be allocated to a plot.

Figure 1 Overview extended landscape initialisation
After initializing these landscape elements farmsteads will be randomly allocated to a particular
agricultural plot, fulfilling the following condition. The share of land of different qualities usually varies
among farms. To avoid unrealistic scattering of farmland the farmstead has to be on a plot of farm’s
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dominating quality. Next farms choose land from their surrounding according to their size and the
quality of their land. Finally, the farms’ usable area will then be reduced by the area of on-field and
field border habitats.

4

ALLOCATING LAND USE TO SPECIFIC PLOTS

Production in AgriPoliS is not fully spatially explicit, i.e. crop areas are not allocated to specific plots.
As outlined in section 1, this is usually necessary for modelling above ground ES because organisms
can only provide ES to plots they can reach. The relationship between habitat availability and density
of ES-providers, and between ES-providers and yield is often non-linear. The effect of adding
additional habitat to a location depends therefore on the distances to already existing habitats. For
example, set-aside land (a type of green fallow in EU) in a landscape already dominated by grassland
will have a close to zero impact on ecosystem services provided by organisms attracted to grassland
such as pollinators.
AgriPoliS includes oilseed rape production which is a globally important and partly insect pollinated
crop. The challenge is to ensure that the yield of oilseed rape as influenced by above ES depends on
the distance between the rapeseed field and surrounding habitats. Farms might provide additional
habitat for pollinators of this crop, but the location of pollinator habitat may again affect other crops,
either via pollinators or because pollinator habitat also boosts the densities of natural enemies of
pests. This interaction between ES can be captured by spatially explicit allocation of crops and
habitats. The drawback is that the increased level of ecological detail makes the agent-based
modelling, where information on crops is given at the farm level, far more complicated. A way to solve
the trade-off between ecological realism and modelling complexity is it to model ecosystem services
as average effects over the crop rotation. A farm’s crop rotation would then be reflected on each plot
as a certain share of rapeseed, wheat, maize, sugar beet, etc. that is grown, on average over time, on
the plot. The resulting spatial distribution of habitats can then be considered in crop-specific, spatial
production functions to calculate the yield impacts of changes in ES reaching a particular plot.
Plot specific yields are summarized into an average yield at the farm level, which goes into the MIP as
a basis for next year’s production decisions. Because of the spatial relationships affecting ES, crop
yields not only depend on a farm’s own cropping decisions but also on its’ neighbours’ and the amount
of existing habitats close to their arable land.
The share r of a specific cropping activity c will be calculated using equation (1), where a is the area of
land used for c by farm i on land quality s and Ai,s is the total area of land quality s used by farm i
(equation 2).
a

i,s ,c
r=
i,s,c

(1)

Ai,s = .Lnc=1 ai,s,c

(2)

Ai,s

Farmers’ land use is exemplified in Table 1. The location of each plot in the landscape is identified by
its’ x and y coordinates. Agricultural land plots allocated to a specific farm are identified by a farm ID,
i.e., which farm owns or rents the plot. Non-Agricultural land plots get the farm ID -1. During the
simulations it could happen that agricultural plots of low quality are not rented by any farm, then they
also get the farm ID -1. Furthermore, it is assumed that these abandoned plots become habitat. The
land use, “habitat” includes all initialized habitats (small on-field habitats, field border habitats, large
off- and on-field habitats) and habitats on abandoned agricultural land. Habitats additionally provided
by farmers on arable land such as set-aside are separately listed as well as the different crops (wheat,
rape seed, sugar beet etc.).
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Table 1 Land use data for each plot in AgriPoliS landscape
y
(row)
1

x (column) Farm ID (i) habitat
0.02

1

2

516

0

0

0.66

0.20

0.09

0.05

1

3

40

0

0

0.66

0.16

0.18

0

1

4

40

1

0

0

0

0

0

1

5

1

0

0

0

0

0

0.50

0.50

0

0

0

0

…

210

…

1

Nohabitat
0

2

5

-1

1)

-11)

wheat

Rape

0.62

0.18

Sugar
beet
0.18

Set aside
0

…

…

…

1) This plot is not rented by a farmer. Non-agricultural land plots cannot be rented by farmers,
but it can also happen that not all agricultural plots are rented, especially if they are of low
quality.
For each period land use will be allocated to the plots according to farmers’ land use decisions. The
land use shares are then considered in a landscape model predicting crop yields as a function taking
both below and above ground ecosystem services into account. This spatial production function is
used to assess crop specific average yield effects per farm and to updated farmers’ actual yields each
simulation period (year). In cases where farmers don’t cooperate and share information, a farmer’s
decision on what to grow in the current year is based on the distribution of crop and habitat area that
emerged in the landscape in the previous year.

6

CONCLUSIONS

The intensive land use manifest in modern agricultural production by pesticide and fertilizer
application, short crop rotations and the elimination of landscape elements to allow an efficient use of
large machinery leads to reduction in biodiversity. Biodiversity losses are not only relevant for society
but also affect farmers as wild organisms provide ecosystem services such as pollination or natural
pest control that support yields. Thus, farmers can benefit from providing and sustaining habitats. But
habitats require also land which cannot be used for production. A solution for this land use conflict
could be for farmers to coordinate where they locate habitats in space. The combination of agentbased modelling (which allows individual decision making) with ecosystem-service (ES) modelling in
AgriPoliS will help to quantify the impacts of specific policy measures on the provision of ecosystem
services, biodiversity and farm income. An important step to achieving this goal is to improve the
synthetic landscape modelling in AgriPoliS. Real landscapes and especially the relationship of
different land use and ecosystem services is quite complex. By identifying the most important
landscape elements for modelling ES we were able to reduce this complexity. The most important
landscape elements are i) small natural on-field habitats, ii) field-border habitats, iii) large off-field
habitats (forests, wetlands, etc.), iv) large on-field habitats (contiguous grassland areas) and v) nonhabitat areas (area covered by buildings). The frequency and average size of i) and ii) as well as the
size distribution of the single areas of iii) to v) will be determined using land use data such as Corine
Land-Cover. Additionally a concept has been developed as to how these elements can be
implemented into the agent-based model AgriPoliS. Together with the stylized spatial allocation of
farms’ land-use the spatial explicitness could have been improved. The spatial distribution of land use
can then be considered by simplified spatial production functions of multiple ecosystem services which
will be implemented into AgriPoliS. The spatial production functions determine the yield impact of
different (high-quality) habitats surrounding a specific farm plot. Considering the real habitat
distribution in the model allows us to determine, where farmers should provide additional habitats to
achieve the highest impact on yields and to avoid habitat oversupply in some areas. The existing
spatial-habitat distribution and the ideal spatial-habitat distribution could be the reference to evaluate
specific policies, e.g. the proposed “Greening” measures in the EU’s Common Agricultural Policy.
According to the Greening obligations farmers have to allocate 5% of their arable land as ecological
focus areas. Existing landscape elements (habitats) maintained by a farmer can qualify (European
Commission 2013). Such a regulation affects farmers’ incomes and their development perspectives
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depending on their surrounding landscape because they lose more or less land for production; but it
also affects crop yields through ecosystem services provided by the additional habitats. By
considering the existing spatial distribution of high quality habitats, the yield effects of these via
ecosystem services and farmers land-use decisions the model will provide a comprehensive tool to
evaluate the impacts of policy instruments to promote biodiversity.
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